Propagation matrix method was used to calculate the surface plasmon dispersion for metal on top of InGaN / GaN quantum wells (QWs). Purcell enhancement factor related to the slope of the surface plasmon dispersion curve was calculated for metal on top of InGaN / GaN QWs. The use of double-metallic Au / Ag layers coupled to InGaN QWs results in wide-spectrum tuning of the Purcell peak enhancement of the spontaneous recombination rate for nitride lightemitting diodes.
INTRODUCTION
Nitride-based light-emitting diodes (LEDs) play important role for solid state lighting, and these devices are based on InGaN quantum wells (QWs) active region [1] [2] [3] [4] . The efficiency in InGaN QWs LEDs is limited by: 1) strain misfit dislocation density from the lattice mismatches between sapphire and GaN as well as from InGaN and GaN, which leads to large non-radiative recombination rate, 2) phase separation in high indium content InGaN QWs, and 3) charge separation in InGaN QW active region due to the existence of both spontaneous and piezoelectric polarization fields leading to significant reduction of the radiative recombination rate.
Based on Fermi's golden rule, the transition rate between the initial state and final state is proportional to the square of the electron and hole wavefunction overlap (W if ~ |Γ e_hh | 2 ), and linearly proportional to the density of the final state (W if ~ ρ). Thus, two approaches to enhance the radiative recombination rate in InGaN QW include 1) the enhancement of the electron and hole wavefunction overlap (Γ e_hh ) and 2) the enhancement of the density of final state (ρ).
Several approaches have been demonstrated to suppress the charge separation in polar InGaN QWs by employing novel QWs with improved electron-hole wave function overlap (Γ e_hh ), as follows 1) staggered InGaN QW [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , 2) type-II InGaN-GaNAs QW [15, 16] , 3) strain-compensated InGaN-AlGaN QW [17, 18] , 4) InGaN QW with embedded δ-AlGaN layer [19, 20] , and 5) triangular InGaN QW [21] .
Another approach to enhance the radiative recombination rate and internal quantum efficiency (IQE) of InGaN QWs active region is by employing surface-plasmon (SP) based LEDs [22] [23] [24] [25] , which is based on the enhancement of the density of final state (ρ). As the InGaN QWs are coupled to surface plasmon (SP) mode at the interface between the metallic film and GaN, the radiative recombination rate of the electron-hole pairs excited from the QWs can be enhanced due to the increased photon density of states (DOS) near the SP frequency resulted from Purcell effect enhancement.
Recent experiments on the surface-plasmon coupled InGaN QWs have been reported based on the use of single Ag (silver) metallic layer on GaN spacer layer for emission wavelength at 470-nm resulting in enhancement in internal quantum efficiency and spontaneous radiative recombination rate of 6.8 times and 32 times, respectively [22] [23] [24] . Recent experiments by employing single Ag layer had also resulted in 7-times enhancement in electrically-driven nitride LEDs emitting at 460nm [25] . The use of single metallic layer leads to strong enhancement near the SP frequency, and enhancement will reduce for frequency further away from the SP frequency. No enhancement will be obtained for frequency above the SP frequency of the single metallic layer structure.
Recent interesting approach based on metallo-dielectric stacked structures [26, 27] had been proposed to tune the SP frequency. The advantage of the metallo-dielectric stacked structure is to enable the tuning of the SP frequency by just changing the thickness of the dielectric spacer layer. However, the enhancement obtained from the metallo-dielectric stacked structure is reduced by 4-times for frequency regime away from SP frequency of metal / GaN [27] , and complex processing are required for hybrid deposition of dielectric and metallic layers.
In this work, we present a new approach to achieve wide-spectrum tuning of the Purcell peak enhancement of the spontaneous recombination rate for InGaN QWs by utilizing double-metallic layers on GaN. The dispersion analysis is calculated based on transfer matrix method, and the material properties of the metallic layers were obtained from references 28 and 29. The use of double metallic Au / Ag layers enables the tuning of the SP frequency over a large frequency range between the SP frequencies of the individual metals (E sp_Ag = ħω sp_Ag and E sp_Au = ħω sp_Au ), while maintaining a large Purcell enhancement factor throughout the frequency range. The use of double-metallic layers also offers a much practical and ease approach in device implementation. Figure 1 shows the schematic of the double metallic layers on semiconductor. Metallic layers #1 and #2 with thicknesses of d 1 and d 2 , respectively, are located close to the QW active region to ensure that the electron-hole pairs excited from the QW are able to couple to the surface plasmon mode at the interface between the metallic layers and semiconductor. Note that the thickness of the spacer (d spacer ) between the metallic layers and semiconductor is in the order of 10 nm.
DOUBLE METALLIC LAYERS ON SEMICONDUCTOR
The surface plasmon frequency for metallic layer #1 (or metallic layer #2) on top of the semiconductor is ω SP_metal1 (or ω SP_metal2 ). By depositing the combination of metal 1 and metal 2 on top of the semiconductor, the surface plasmon frequency of the structure can be tuned between ω SP_metal1 and ω SP_metal2 . In our approach, the double metallic layers structure requires the surface plasmon frequency of metal 1 should be lower than that of metal 2 (ω SP_metal1 < ω SP_metal2 ). Note that the structure of double metallic layers can be easily realized by single step of e-beam evaporation of the metals (metal #1 and metal #2) on top of the semiconductor. Figure 2 shows the surface plasmon (SP) dispersion curves (energy versus wave vector) of thin Ag (or Au) film on a GaN substrate as a function of the Ag (or Au) film thicknesses of 40nm, 10nm, and 5nm. Figure 2 indicates that a single film deposited on GaN substrate results in a particular surface plasmon (SP) frequency (i.e. ħω sp_Ag =2.8 eV, and ħω sp_Au =2.2 eV). The results indicate that it is impossible to tune the SP frequency by depositing only a single metallic layer on top of the GaN substrate, although the dispersion relation shows different trend for different thickness of the metal film. With thin layer of metal film (5 nm), the surface plasmon dispersion curve is pushed toward the lower energy. As the thickness of the metal film increases from 5 nm to 40 nm, the dispersion relation shows similar characteristics for both Ag / GaN and Au / GaN surface plasmon structures. 
SINGLE METALLIC LAYER (SILVER OR GOLD) ON INGAN / GAN QW

QW Active Region
To illustrate the effect of the thickness of a single metallic film deposited on top of GaN on the Purcell enhancement factor, figure 3 plots the Purcell factor for thin Ag film on a GaN substrate with Ag film thicknesses of 40nm, 10nm, and 5nm. For thinner Ag film, the enhancement factor broadens with moderate enhancement. For the case of thicker Ag film, the Purcell factor shows sharper profile with higher peak value near the SP frequency. 
DOUBLE METALLIC LAYER (GOLD / SILVER) ON TOP OF INGAN / GAN QW
The use of double-metallic layers (Au/Ag) with optimized thicknesses allows the tuning of the Purcell enhancement factor between the SP frequencies of Ag/GaN and Au/GaN. By varying the thickness combination of Au (d Au ) and Ag (d Ag ) layers, the double-metallic layers can be used to achieve large Purcell enhancement for SP-based InGaN QW LEDs emitting in spectral regime between the SP frequencies of Ag/GaN and Au/GaN. Figure 4 shows the surface plasmon (SP) dispersion curves of thin Au/Ag layers on a GaN substrate with Au/Ag layer thickness of 0nm/20nm (Ag-only), 10nm/10nm, 5nm/15nm, 3nm/17nm, 1nm/19nm, and 20nm/0nm (Au-only). By modifying the ratio of the Au and Ag thicknesses, the dispersion curve can be engineered with different surface plasmon (SP) frequencies between ω sp_Ag and ω sp_Au . Figure 5 plots the Purcell factor as a function of energy for thin Au/Ag layers on a GaN substrate with Au/Ag layer thickness of 0nm/20nm (Ag-only), 10nm/10nm, 5nm/15nm, 3nm/17nm, 1nm/19nm, and 20nm/0nm (Au-only). Figure 5 indicates that the Purcell enhancement factor can be tuned between the SP frequencies of Ag/GaN and Au/GaN without decreasing the enhancement factor. 
SUMMARY
In summary, the use novel double-metallic layers on top of semiconductor was proposed as a new approach to tune the surface plasmon frequency between the two surface plasmon frequencies of the single metal on top of the semiconductor. The surface plasmon dispersion curves for double-metallic layers of Au / Ag on InGaN / GaN QW were calculated based on transfer matrix method. The Purcell enhancement factor for Au / Ag with varied thickness ratio on GaN has shown the tuning of the surface plasmon frequency without the decrease of the Purcell enhancement factor.
The double-metallic layers concept can be extended with other metallic layers on GaN to tune SP frequency from UV up to red spectral regime. This novel approach has the potential to realize surface plasmon based LEDs with significantly enhanced radiative recombination rate and radiative efficiency for a wide frequency range in the visible spectral regime.
